| =,

Aluminum is expected to remain the core materi-
al for many critical applications such as aircraft and
automobiles. This is due to the high resistance to differ-
ent environmental conditions, desired and manageable
mechanical properties, as well as high fatigue resistance.
Aluminum nanocomposites such as AA6061/Al,03 can
be made in many ways using a liquid metallurgy meth-
od. The main challenges for this method in the produc-
tion of nanocomposites are the difficulties of achieving a
uniform distribution of reinforcing materials and possi-
ble chemical reactions between the reinforcing material
and the matrix. For structural applications exclusive to
aerospace sectors. The growing cost-effective nanocom-
posites mass production technology with essential oper-
ational and geometric flexibility is a big challenge all the
time. Each method of preparing AA6061/Al,03 nanocom-
posites can provide different mechanical properties. In
the present study, nine nanocomposites were prepared at
three stirring temperatures (800, 850, and 900 °C) with
the level of Al,03 addition of 0, 5, 7, and 9 wt %. The
results of tensile, hardness and fatigue tests revealed that
the composite including 9 wt % Al,0s with 850 °C stirring
temperatures has the best properties. It was also revealed
that the 850 °C stirring temperature (ST) with 9wt %
Aly03 composite provide an increase in tensile strength,
VHN and reduction in ductility by 20 %, 16 % and 36.8 %
respectively, compared to zero-nano. Also, the fatigue life
at the 90 MPa stress level increased by 17.4 % in compar-
ison with 9 wt % nanocomposite at 800 °C (ST). Uniform
distributions were observed for all nine microstructure
compositions

Keywords: 6061 aluminum alloy, Al,03 nanoparticles,
nanocomposites, stirring temperatures, stir casting meth-
od, mechanical and fatigue properties
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1. Introduction

From decades ago, the effectiveness of materials improved,
new forms have played a key role in the development of sci-
ence and technology. Advances in physics and technology are
difficult without the use of advanced effective materials. To
meet their needs, the researchers manufactured and handled
materials in the development process. However, an appropri-
ate correlation has not been settled between the properties
of a quantity with materials of nanomaterials size. Thus, in
current technology researchers are repetitively researching,
investigating and trying to get used to new innovative materi-
als. And the necessary scientific research has been conducted
related to the improvement of mechanical properties and the
factors that affect them, especially stirring temperature and
specific amounts of metal nanoparticles added to alloys.

2. Literature review and problem statement

There are many investigations dealing with several aspects
related to improving mechanical properties and factors such
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as stirring temperature, stirring time and particle distribution,
which can affect the material properties. Nanocomposites were
synthesized by the method to manufacture nanoparticles even-
ly distributed in metallic matrix composites. This produces a
significant improvement in Young's modulus and hardness due
to the addition of a low weight fraction of A nanometric [1].
The influence of using Al,O3, TiO,, and ZrO, nanoparticles
with a size of 40 nm on a base metal matrix (A356 aluminum
cast alloy) was studied in [2, 3]. With various fraction ratios
ranging from 0 % to 5 %, they were stirred in the A356 ma-
trix, by weight at variable stirring speeds varying from 270 to
2150 rpm in both the semisolid of 600 °C and liquid of 700 °C
states applying a fixed stirring time of a minute. This investiga-
tion presented that the properties of nano-reinforced castings
were improved for the castings applying AlyOs, TiOy, and ZrO,
effected in the semi-solid state at 600 °C by a 2.0 weight %
AlyO3 and 3.0 weight % TiOy or ZrO, at 1500 rpm stirring
speed. These studies introduce a new concept of refining and
improving the properties of cast aluminum alloys through the
addition of nanoparticles, where multiple nanoparticles were
used and many variables, including the mixing speed and the
time required for that.




Furthermore, [4] investigated the influence of adding
reinforcements into the metallic matrix on the mechanical
properties. The major points derived from this study state
that increasing the reinforcement ratio and decreasing the
size of reinforcement particles considerably improve the
properties of metal matrix composites. In addition, wear
resistance and creep have been studied as other important
factors that are not often discussed. Increasing the Al,O3
fraction reduces the fracture toughness of AMCs. The
addition of zircon advances the strength of AMCs. More-
over, in [5], 10 wt % of AlyO3 nanomaterial were added to
AA6061 in applying the stir casting method for producing
nanocomposites. The comparison between 6061 aluminum
alloy metal matrix and 10 wt % Al,O3 nanocomposites
revealed that there is a 12.8 % improvement in the fatigue
strength at 107 cycles due to 10 wt % nano-reinforcement.
The accumulative fatigue life of 10 wt % nanocomposite was
improved by 33.37 % and 39.58 % for low-high and high-low
loading sequences, respectively. The results showed that the
addition of nanomaterials increased the strength of both
constant and cumulative fatigue and fatigue life.

Moreover, [6] investigated the influence of pouring
temperature of the slurry produced by weak electromagnetic
stirring. Also, the morphology and size of the primary par-
ticles in the A356 Al alloy were investigated by analyzing
the influence of superheat temperature. In this work, they
obtained a semi-solid slurry of metal with a particle as a pri-
mary phase by utilizing appropriate weak electromagnetic
stirring and increasing pouring heat temperature, which
produces a low superheat pouring. Moreover, they have
concluded that an increment in pouring temperature by 15—
35 °C above the liquidus temperature combined with a weak
electromagnetic stirring results in the same size and shape
properties of the primary phase. The study showed the effect
of stirring the alloy mixture and without stirring, and fo-
cused on stirring temperatures rather than other properties.
Furthermore, [7] examined the influence of stirring speed
and pouring temperature on the properties of Al6061-Cu
reinforced SiC MMC by the stir casting process. It was ob-
served from scanning electron microscope (SEM) analysis
that at a stirring speed of 400 rpm, an improved homogene-
ity could be achieved evaluated to that of 200 and 600 rpm.
The study concentrated on the stirring speed of the alloy,
and it was found that at a certain limit, the mechanical
properties change drastically in the direction of not getting
better. Besides, [8] studied evaluation emphasizes the opti-
mization of stirring speed and pouring temperature for the
properties of aluminum metal matrix composites. Several
heights of pouring temperatures at a constant pouring speed
of 2.5cm/s were studied as input parameters throughout.
The experimental results indicate that a pouring tempera-
ture range of 700 °C to 750 °C and 400 to 600 rpm stirring
speed offered developed mechanical properties. So, the focus
of this analysis is to optimize the pouring speed, the stirring
speed and the pouring temperature for mechanical proper-
ties. In addition, [9] studied the optimum conditions for pre-
paring composites reinforced with 5 wt % nanoparticles cast
at 850 °C. The study concluded that the optimum conditions
for the fabrication of composites after several experiments
with reinforced nanoparticles cast have homogeneity in the
micro-structures and exhibit increased mechanical proper-
ties such as hardness and tensile strength. That is why we
found that the improvement takes place in a certain percent-
age, after which these properties change without improve-

ment. [10] prepared Graphene nanoplatelets (GNP)/Acry-
lonitrile butadiene rubber (NBR) nanocomposites by the
solutions mixing method and vulcanized effectively. The
results showed that the crosslinking density was enhanced
to 42.3 % compared to that of unfilled NBR. The study con-
cluded that the homogeneity of this compound is the most
important objective to improve its properties.

Based on previous studies, it can be concluded that the
addition of nanocomposite materials in certain proportions
with scientific manufacturing methods leads to an improve-
ment of mechanical properties in general. And the current
study emphasizes this trend. Hence, in this investigation,
an attempt was made for preparing three types of nanocom-
posites at three stirring temperatures (800 °C, 850 °C, and
900 °C) using the stir casting method. A detailed charac-
terization, including the mechanical and fatigue properties
of the three composites, is made and then the comparison
is carried out between the prepared nanocomposites with
detailed discussions.

3. The aim and objectives of the study

The aim of this study is to determine the effect of stirring
temperature (ST) on the AA6061/Al,O3 nanocomposite.

To achieve this aim, the following objectives are accom-
plished:

—to improve the mechanical properties, including the
hardness, tensile strength and fatigue strength of 6061 alu-
minum alloy;

— to prepare nanocomposites at three stirring tempera-
tures with a uniform distribution in certain cases.

4. Materials and methods

6061 aluminum alloy is applied in the present study as
it is widely utilized for different purposes in the aerospace
and transportation industries. The chemical composition of
AA6061 is as follows: Cu 0.31, Mg 0.98, Zn 0.17, Cr 0.22,
Ti 0.09, Fe 0.52, Mn 0.11, Si 0.66, and Al balance. The rein-
forcement nanomaterial AloO3 had a density of 3.62 gm/cm?
and a particle size between 20 and 30 nm [11].

The stir casting method adopted for fabricating nano-
composites is as follows: AA6061 was cut into cubes with
1 to 2 cm?, then washed with alcohol and followed by dis-
tilled water five times. The washed parts were then dried
by the stream of hot air at a temperature of 100 °C, later
the dried parts were heated to approximately 200 °C using
an electric heater. Argon gas was pumped into the oven
and heated to 800, 850 and 900 °C stirring temperature,
and preheated the Al,Og particles to 200 °C. Then finally,
nanomaterials were added into the molten aluminum alloy
with a gas pump. The furnace temperature was initially
elevated over the liquid temperature of aluminum about
800, 850, and 900 °C. The first 800 °C, the second sample
was heated to about 850 °C and the third sample was mixed
at 900+10 °C to melt the aluminum alloy totally and then
cooled down just below 650 °C.

The stirring time was designed for 4 minutes at 450 rpm
stirring speed. The Al,O3 particles were added to the melt in
the furnace, and then the mixing temperature was raised to
800 °C£10 °C. The liquid was poured into molds to acquire
an aluminum rod for the composites that are shaped in the



form of a cylinder of 14 mm external diameter and length
of 160 mm. The equipment used for the stir casting method
is shown in Fig. 1. Furthermore, Table 1 shows the rule of the
mixture using AA6061 as a metal matrix.

Table 1

Rule of the mixture adopted in this work

AlyOs wt % | AlOy (gm) A%?I(l)ﬁn Total na(ngoncsmposne
5% 50 950 1,000
7% 70 930 1,000
9% 90 910 1,000

Fig. 1. Manufacturing of composites

The tensile test was carried out using a WDW-100
tensile machine that has a maximum capacity of 100 kN.
Eighteen specimens were used from the fabricated round
rods of diameter (¢)=10 mm and length (L)=160 mm. The
deformations were recorded by measuring devices and auto-
matic control. The data were plotted by the plot device. The
tensile curves (stress-strain) were employed for predicting
the material behavior under different loading.

The standard tensile specimens were made according to
the American Society for Testing and Materials (ASTM E8/
E8M-09), as shown in Fig. 2, where all the appeared dimen-
sions were measured in (mm). While the tensile test rig is
illustrated in Fig. 3. In this paper, Vickers hardness numbers
(VHN) were measured using polished samples with different
stirring temperatures (800, 850, and 900 °C).

All fatigue tests were carried using a rotating fatigue test
rig (ISTRON) as presented in Fig. 3.

All dimensions in MM
10 8]
27.5 36
45
100

Fig. 2. Tensile specimen according
to standard E8 /E8M-09 (ASTM)

Speed
regulator

Fig. 3. Rotating Bending Fatigue Machine (ISTRON)

The fatigue samples for testing have been made accord-
ing to the DIN 50113 specification. A rotating bending
fatigue test machine of Schenck type was used to conduct
all the fatigue tests.

5. Research results of determining the effect of stirring
temperature (ST) on the AA6061/Al,03 nanocomposite

3. 1. Mechanical properties results
The measurements of mechanical properties were carried
out at 800, 850, and 900 °C stirring temperatures. Table 2
outlines the results of mechanical properties of AA6061
and nanocomposites with wt % variations of 0, 5, 7 and 9 %
Al,O3 using stirring temperatures of 800, 850, and 900 °C.
It can be noticed from Table 2 that the mechanical proper-
ties of nanocomposites are influenced by stirring temperature
and wt % Al,O3 nanoparticles. The results of UTS of this
investigation applying stirring temperatures of 800, 850,
and 900 °C are summarized in Fig. 4—6, respectively. Obvi-
ously, the UTS of the nanocomposites increases from 156 to
196 MPa and YS increases from 141 to 164 MPa while the
VHN increases from 99 to 118. However, the ductility reduces
from 15.2 % to 9.6 % for the best stirring temperature (ST) of
850 °C and 9wt % of Al,O3. Furthermore, an improvement
percentage was recorded to be 20.4 %, 14 %, and 19.2 % for
UTS, YS, and VHN respectively, while the enhancement per-
centage in ductility was reported to be 36.8 %. So far, the out-
comes are in the same trend as [12]. As they blended AA7075/
Al,O3 nanocomposites using the stir casting technique at
850 °C stirring temperature with 0, 1, 3, and 5 wt % of Al,O3.
The optimal Ultimate Tensile Strength (UTS) of
196.542 MPa and Yield Stress (YS) of 164.435 MPa are
obtained from the nanocomposite with 9 % Al,O3 at 850 °C
and 4 min. stirring time as presented in Fig. 6. The increas-
ing degrees of UTS and YS of 20.4 % and 14 %, respective-
ly, compared to zero-nano (matrix component).

The uniform distribution of Al,O3 into a matrix and rela-
tively lower porosity in the casting led to high-density dislo-
cations leading to an enhancement of mechanical properties.
It can be concluded that 6061 Al alloy-based composites
with 9 % Al,O3 possess better mechanical properties. All the
fabricated nanocomposites show improvement in hardness
and ductility. The 9 % Al,O3 composite shows an optimal
improvement in hardness and ductility at 850 °C stirring
temperature. The hardness of 9 % Al,O3 at 850 °C increased
by 16 %, while the ductility enhanced by 36.8 %. These find-
ings are somehow aligned with [13], where they fabricated
and examined 2024/Al,03 nanocomposites to obtain the
improvement in mechanical properties.



Table 2

Results of mechanical properties of AA606 1and nanocomposites based on three different

stirring temperatures

al leading to the improvement
of mechanical properties and
VHN of the composites. The
fairly distributed particles of

Alz?& UTS (MPa) YS (MPa) VHN Ductility Al5Oj3 resulted in the develop-
wt % |800 °C|850 °C[900 °C|800 °C|[850 °C[900 °C|800 °C|850 °C[900 °C| 800 °C | 850 °C | 900 °C .
ment of the mechanical proper-
zero |151.22(156.75(145.46(137.53|141.44|124.23]| 92.26 | 99.74 | 88.21 | 16 % [15.20 %|16.40 % ties of the composites [16].
5% [170.54]182.23]177.28|144.23147.34|138.77105.42 108.87 | 101.23[14.90 %[ 13.60 %] 15 % The results of ductility tests
7% [178.56]189.98176.65]148.54]157.45150.68 | 108.23|111.65|106.43] 12% | 11% [14.30%| show that an increase in Al,Os
9% |186.23|1196.54|181.24|154.68|164.43]160.22|112.67|118.84|109.45[10.70 %| 9.60 % | 11% | leads to ductility reduction. The
maximum decrease occurred
250 i for the composite including 9 wt % Al,O3 achieved at 850 °C
5YS stirring temperatures. Once again, the result is confirmed
200 170.55 178.56 NN by [17], who have found that increasing the amount of Al,O3
Z 150 Lk 21237 53 14423 148.54 R improves UTS and VHN. Nevertheless, the ductility tends to
= reduce, and the peek reduction is obtained at 6 wt % Al,Os
2 100 with 850 °C stirring temperature. As presented in Fig.8,
[ 1. . . .
= the ductility of all the composites drops when increasing the
50 amount of AlyO3 compared to that of the matrix material and
the maximum reduction occurs in the composite fabricated at
0 850 °C stir temperature. An improvement in mechanical prop-
5% 7% 9% wt% erties and hardness with a reduction in ductility may be due
Percentage to the thermal mismatch between the base metal and Al,O3

Fig. 4. UTS, YS, with the percentage at stir casting Temp.
800 °C of the weight percentage of Al,03

250
u UTS
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200 1822318398
164. 44
- 14734 157.45
£ 150 141 44 3
2
% 100
7
50
0
5% 7% 9% wt%
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Fig. 5. UTS, YS, with the percentage at stir casting Temp.
850 °C of the weight percentage of Al,03

250
mUTS
| |
200 17729  176.65  18L 160 D \
= 145.46 150.68
£ 150 138.77
s 124.23
§ 100
7
50
0
5% 7% 9% wt%
Percentage

Fig. 6. UTS, YS, with the percentage at stir casting temp.
900 °C of the weight percentage of Al,03

The results of the VHN hardness of the matrix are shown
in Fig. 7. Important developments in mechanical properties
and hardness were recorded from adding Al,O3 in the ma-
trix. The reason could be that Al,O3 particles act as obsta-
cles to the motion of dislocations and Al,O3 particles work
as a barrier to crack initiation and slip band [14, 15]. In ad-
dition, Al,Os particles are harder than those of the base met-

particles [18, 19].

The specimen has a round cross-section and is affected
by the employed load from the perpendicular axis to the
right side of the workpiece, improving the bending moment.
Hence, the surface of the workpiece is under compression
and tension stress when it rotates. Three samples were test-
ed for each stress level. The results showed that the samples
manufactured at 850 °C (ST) have a longer fatigue life than
others, as shown in Table 3. The outcome of these experi-
ments can be applied to the relationship between the stresses
used and the number of cycles to failure.

130
120 112.67 S
2 817“ & 109.45
110 105. 42 106.43
E 99.74 101.23
100
> 88.21
90
80 i
70
800 °C 850 °C 900 °C
Temperature (°C)
u0 u5% =7% =9%
Fig. 7. Vickers hardness results in VHN
18 16.4
16 2 14.9 15 143
13 6
14 1
12 10.5 1
>
£ 9.6
R
R o6
4
2
0
800 °C 850 °C 900 °C
Temperature (°C)
B Owt% u5% =7% m9%

Fig. 8. Ductility varies with stirring temperature at
different wt % of Al,Os



200

y = -26.5In(x) + 426.02

All the 9wt % Al,O3 composites reveal a uni-
form particle distribution and low agglomeration
and few clusters at inter-dendrite regions. However,
the best uniformly distributed is 9 wt % Al,O3 at
850 °C. Also, adding Al,O3 into the base metal melt
develops the viscosity of the melt and this retards
the movement of Al,Os. It is significant to control
the solidification rate to attain high distribution of
AlyOs in the process of stir casting [21, 22].

180 R2=0.9886
= 160 c N N
g e 850°C y 3%4219:1%(.;;)8 86471.71
2 120 800°C  y=-37.94In(x) + 553.55
E 100 R2A=0.9901
s 80
g 60
@ 40

20 0 a < c

0
0 50000 100000 150000 200000 250000 300000 350000 400000

Number of cycles to failure

Fig. 9. S-N curves of three cases (800, 850, and 900 °C) of stirring

temperatures
Table 3
Comparison between fatigue test results
Stress level | Nyat 800 °C Nyat 850 °C Nyat 900 °C
(MPa) (ST) (ST) (ST)
90 201,000 243,366 207,000
110 155,000 151,100 160,000
130 94,000 84,800 91,800
150 42,800 35,833 33,600
180 10,200 14,266 11,000

Therefore, the S-N curve was plotted depending on the
values obtained from the fatigue equations for the three
cases (800, 850, and 900 °C) of stirring temperatures as
shown above in Fig. 9.

3. 2. Uniformity of AA6061/Al,03 nanocomposites

After preparing the nanomaterials according to weight
and inserting them into the alloy, the Al,O3 nanoparticles
acted as barriers of dislocations leading to an improvement
of fatigue behavior and mechanical properties. Moreover, the
interaction between the nanoparticles and dislocations plays
a significant role in developing the mechanical and fatigue
properties [20].

Concerning the scanning electron microscope (SEM)
testing, Fig. 11 presents the SEM photographs of a: zero-na-
no at 850 °C, b: 9 wt % Al,O3 at 850 °C, and ¢: 9 wt % Al,O3
at 900 °C.

Fig. 11. The main signature: a — as received; b — 9 wt %
Al,O3 at 850 °C; ¢ — 9 wt % Al,O3 at 900 °C (ST), for SEM
photographs of AA6061/Al,O3

6. Discussion of experimental results of
determining the effect of stirring temperature
(ST) on the AA6061/Al,05 nanocomposite

The findings refer to the improvement of the
properties by reassuring that the Al,O3 nanopar-
ticles acted as dislocation barriers leading to improved fatigue
behavior and mechanical properties. The features of the pro-
posed method indicate that the properties of the new compos-
ites give an improvement in the exact case. This was observed
in Fig. 5. It is possible to observe the significant increase in
ultimate tensile strength (UTS) and yield stress (YS). The
results of the VHN hardness of the matrix shown in Fig. 7
can also be observed enhancing up to 16 %, while the ductility
enhanced by 36.8 %, as shown in Fig. 8. The maximum en-
hancement for ultimate tensile strength, yield stress, hardness
and ductility occurs when the composite is produced with the
addition of 9 wt % of the nanomaterial to a mixture at 850 °C.
This method can be considered a great advantage in im-
proving mechanical properties. But the nature, purity and
cost of nanomaterials can be an impediment to successful
outcomes. Therefore, research and studies must be conduct-
ed to obtain pure and cost-effective nanomaterials.

The limitations of this method can be represented in
obtaining a uniform distribution of nanomaterials unless
there is an in-depth study of the molecular structure, which
enhances the results gained.

One of the focal disadvantages related to nanomaterials
is considered to be inhalation exposure. This concern stems
from studies in humans that suggest that nanomaterials can
cause adverse effects on the lungs. Therefore, caution should
be taken when conducting experiments.

The research can be considered useful, as the results have
given important indications to the improvement of many
properties compared to the untreated alloy. Because of this
improvement, this alloy can be used in numerous applica-
tions, which use AA6061.

This research is a continuation of many research studies
in which many kinds of nanomaterials have been used in
different proportions and multiple methods of preparation.
These studies were concerned with the improvement of the
mechanical properties of alloys. The development of this
method can be used for various aluminum alloys, which may
enhance the mechanical and fatigue properties with differ-
ent quantities of nanomaterials depending on the interaction
between the aluminum alloys and the ratio of nanoparticles.

7. Conclusions

1. The present investigation revealed with an indication of
qualitative or quantitative indicators of research results that
the 850 °C stirring temperature with 9 wt % Al,O3 compos-




ites provides better mechanical properties, hardness and fa-  hibited high strength and fatigue life compared to the other
tigue properties than the other stirring temperature of 800 °C ~ produced nanocomposites and base metal.

and 900 °C and the stirring temperature has an important
effect on the above properties. The composite with 9 wt %

Al, O3 stirring at 850 °C exhibits the highest hardness and Acknowledgments
lowest elongation compared to the other stirring temperature.
2. Analysis of SEM showed evidence for incorporating The authors acknowledge the Iragi Ministry of Higher

the Al,O3 nanoparticles with the metal matrix. And the  Education and Scientific Research for their support of this
AA6069 / wt % Al,O3 nanocomposite with 850 °C (ST) ex-  research.
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